We developed a closed-skull model of freeze injury-induced brain edema, a model classically thought to produce vasogenic edema, and observed the natural course of changes in edema and blood flow using xenon enhanced computed tomography (CT) in five rhesus mon keys before and for up to 6 h post insult. Intracranial pressure (ICP) gradually rose throughout the duration of the experiment. CT scans and CBF images permitted di rect observation of the evolution of the lesion and re vealed early ischemia in the periphery of the injury zone that progressed over time in association with edema. FreExperimental cold injury to the brain is a simple and reproducible animal model for the production of vasogenic edema (Clasen et aI. , 1953). The model is thought to resemble contusional brain injury and has been widely employed to evaluate both the pathophysiology of vasogenic edema and the effects of therapeutic interventions. Freeze injury disrupts the blood-brain barrier, causing fluid exudation through injured capillaries resulting in brain edema that is localized mainly to white matter (Clasen et aI., 1953; Klatzo, 1967) . Intracranial hypertension occurs when the injury is severe (Clasen et aI. , 1953; Bruce et aI., 1972). Since vascular factors are the principal forces driving the generation of edema (Reulen, 1976) , changes in CBF associated with le-
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sions producing va so genic edema are important. Despite extensive study, changes in CBF associ ated with this injury and their relationship to the generation of edema are poorly understood. Studies attempting to address these issues have been limited mainly by the techniques used to measure CBF.
Methods are now available that permit noninva sive measurement of local CBF (lCBF) using xe non-enhanced computed tomography (CT). This technique provides high-resolution (i.e., 5 mm 3 ), three-dimensional CBF measurements using in haled stable xenon, a highly lipid-soluble and dif fusible gas (Gur et aI., 1982) . In addition to being noninvasive and providing a direct anatomic corre late to the acquired CBF data, tissue partition co efficients are determined for each CT voxel, mini mizing problems with flow calculations in injured tissue. This method has been used to evaluate a variety of clinical problems including head injury (duTrevou et aI., 1987; Johnson et aI., 1991; Marion and Bouma, 1991; Marion et aI., 1991) . The Xe/CT method offered the opportunity to investigate changes in ICBF in a well-established model of brain injury in primates.
The objectives of this study were to (a) develop a model of acute, severe, focal, cerebral edema re sulting in intracranial hypertension; (b) evaluate the evolution of changes in the ICBF patterns distant from, adjacent to, and within the lesion; and (c) develop a means of data reduction, analysis, and interpretation from the ICBF information provided by the Xe/CT ICBF technique.
METHODS AND MATERIALS
This protocol was reviewed and approved by the Ani mal Care and Use Committee of the University of Pitts burgh School of Medicine. Five rhesus monkeys (Macaca mulatta) of either sex, weighing 4-5 kg and previously used in various studies that did not affect the brain, were studied. After an overnight fast with free access to water, the monkeys were anesthetized with ketamine 10 mg/kg i.m. (Ketalar; Parke-Davis, Morris Plains, NJ, U.S.A.) and transported to the laboratory. The animals were in tubated with cuffed endotracheal tubes and their lungs mechanically ventilated on 67% O2/33% N2 with a Har vard large-animal ventilator (Harvard Apparatus, Natick, MA, U.S.A.). Respiratory rates ranged between 16 and 20 breaths/min and tidal volumes between 15 and 20 mil kg, both adjusted to maintain end-tidal CO2 within normal limits.
Venous catheters were percutaneously inserted and 0.9% NaCI was infused at 5 ml/kg/h. As the monkeys recovered from ketamine anesthesia, they were reanes thetized with fentanyl (fentanyl citrate; Elkin Sinns, Cherry Hill, NJ, U.S.A.) 50 I-lg/kg i.v. bolus and main tained on 25 I-lg/kg/h. MABP was maintained between 100 and 125 mm Hg with fentanyl to ensure the depth of an esthesia. The monkeys were immobilized with pancuro nium bromide 0.06 mg/kg/h (Pavulon; Organon, West Or ange, NJ, U.S.A.). Rectal temperatures were monitored with a YSI telethermometer and probe (Yellow Springs Inc., Yellow Springs, OH, U.S.A.) and controlled at 37 ± OSC by a heated water blanket (Aquamatic Module; Gorman-Rupp Industries, Bellville, OH, U.S.A.). Femo ral artery catheters were inserted for continuous monitor ing of arterial blood pressure via disposable arterial pres sure strain gauge transducers (Spectramed, Oxnard, CA, U.S.A.) and for sampling arterial blood for blood gas and pH analyses (Corning model 178 trielectrode blood gas machine; Ciba Corning Diagnostics, Medfield, MA, U.S.A.).
Craniotomies, 1.5 cm in diameter, were made in the outer table of the right parietal bone centered over the central sulcus. The inner table of the skull was left intact. Subdural intracranial pressure (ICP) catheters were in serted via burr holes over both parietal cortices for con tinuous monitoring of ICP via disposable strain gauge transducers. The burr holes were sealed with cyanoacry late glue (Kodak 910, Rochester, NY, U.S.A.). Arterial blood pressure, right and left ICP, and ECG were re corded on an eight-channel Grass polygraph (model MP-7; Grass Instruments, Quincy, MA, U.S.A.).
Xe/CT CBF measurements
While mechanically ventilated on 67% O2/33% N2, the monkeys were placed prone in the General Electric model 9800 CT scanner (General Electric, Medical Systems Di-J Cereb Blood Flow Metab, Vol. 13, No. 5, 1993 vision, Milwaukee, WI, U.S.A.), Their heads were fixed in a specially designed Plexiglas head holder with the or bitomeatal line in the horizontal axis. The ventilator was connected to the xenon gas delivery system containing 67% 0i33% Xe. The gantry angle and bed were adjusted to allow scanning of a single coronal section of the brain, centered on the craniectomy site.
The scanning protocol for each CBF measurement in cluded two 5-mm-thick baseline scans at 120 keV and 120 rnA followed by six serial enhancement scans. While end tidal xenon and CO2 were continuously monitored, en hancement scans were obtained starting 20 s after end tidal xenon concentration reached 5%. The remainder of the enhancement scans were obtained sequentially over the remainder of a 4.5-min 33% Xe inhalation period.
After obtaining two sets of baseline blood flow and physiological measurements, the freeze injury was in duced with liquid N2 for 10 min with subsequent mea surements made at 5 and 30 min, then hourly for up to 6 h postinjury.
Freeze injury
A 5-cc plastic disposable syringe with the needle adap tor end cut off was sealed into the craniectomy with sa line-soaked sponges that freeze on contact with the liquid N2, thereby retaining the liquid N2 during the production of the cold injury. The syringe was filled with liquid N2 for a lO-min freeze injury. At the end of 10 min, the liquid N2 was aspirated out of the syringe and the syringe and skull were continually flushed with 37°C tap water for -5 min. The syringe was removed before the Xe/CT CBF scan at 5 min post freeze.
Data analysis
Physiologic variables were statistically assessed by analysis of variance for repeated measures, with individ ual differences tested for significance by the Student Newmann-Keuls test with a minimum significant p value of 0.05. CBF was calculated for each CT voxel within the CT slice producing an lCBF image. Calculations are per formed in the CT computer as has been previously de scribed (Gur et aI., 1982) . For data analysis, each ICBF image was divided into four quadrants (see Fig. 1 ). Data from five monkeys were pooled to make a single fre quency histogram for each quadrant at each time frame. Each histogram contained 120 bins (range 1-120 ml 100 g -1 min -1 in I-ml 100 g -1 min -1 increments) and was based on 27,000-30,000 voxels.
The histograms for each quadrant at each time frame were compared with that quadrant's histogram of the sec ond baseline to show changes in the distributions of flow values over time. A Komogrorov-Smirnov two-sample test (Systat, Evanston, IL, U.S.A.) was used to provide a quantitative measure of the differences. The Bonferroni adjustment was used to correct for multiple comparisons (four quadrants by eight time periods), and the differ ences at the 0.05 level were reported as significant.
RESULTS

Physiological parameters
There was no statistical difference between the two sets of baseline physiologic measurements; therefore, baseline-2 values were used for analysis.
MABP rose from 104 ± 4 to 120 ± 5 mm Hg (x ± SD) 5 min after rewarming the cortex and thereafter ranged between 98 ± 2 and 115 ± 7 mm Hg (Table  1) . At baseline, left (LICP) and right (RICP) ICP were 5 and 9 mm Hg, respectively, and gradually rose throughout the experiment. LICP increased significantly above baseline at 6 h to 18 ± 6 mm Hg. RICP also increased to 22 ± 8 mm Hg at 6 h, but this was not statistically significant. Over the 6 h postin jury, P aco2 was statistically unchanged and ranged between 31 ± 5 and 37 ± 6 mm Hg, while P a02 was �300 mm Hg and rectal temperature 37.0°C.
CT and ICBF images
The magnitudes of the anatomic and lCBF changes resulting from the freeze injury are illus trated by comparing the baseline CT and lCBF im ages ( Fig. IA and B) with the 5-min (Fig. 2 ) and 6-h (Fig. 3) images. The immediate effects of the freeze injury on the brain tissue beneath the injury site are grossly shown in the CT and CBF images 5 min after rewarming (Fig. 2) . A well-circumscribed area of tissue ice formation occurs directly beneath the injury site (Q1) as evidenced by the marked degree of tissue hypodensity shown on the CT scan ( Fig.  2A) . The lCBF image (Fig. 2B) shows a zone of apparent extreme hyperemia in this region. How ever, this is an artifact due to rapidly changing tis sue temperature and CT density during thawing. That this apparent hyperemia was indeed due to rapidly changing CT density with tissue thawing was shown in a separate experiment using a fresh dead monkey in which serial CT scans of the brain after freeze injury rapidly returned to normal CT density after thawing. This artifact defines the re gion of direct tissue destruction due to freezing (pri mary injury). Circumferential to the primary injury region is a zone in which there is a very marked reduction in flow «15 milOO g-I min-I ). Flow is also notably reduced in the quadrant ipsilateral to the injury (Q4) and hyperemic in the upper half of the contralateral hemisphere (Q2). By 6 h postinjury (Figs. 3) , the ICBF images appear to show a more heterogeneous flow pattern in the noninjured quad rants while there is obvious enlargement of the no flow zone in the injury quadrant. Medial to the in jury zone, a region of focal, relative hyperemia is apparent. Ongoing edema formation resulted in a progressive enlargement of the area of tissue hypo density such that by 6 h postinjury, the zone of edema was �2.5 times as large as the primary injury zone noted at 5 min. density on the CT scan represents the area of direct tissue injury caused by the freeze insult. The CBF image shows an apparent zone of hyperemia in the freeze zone; however, this is artifact due to rapidly changing CT density with tissue thawing. A circumferential zone of extreme low flow is out lined adjacent to the freeze zone.
ICBF Distribution
Changes in the ICBF distribution (lCBFd) are il lustrated by the ICBF frequency histograms (Fig.  4) . The corresponding statistical indexes of the his tograms are shown in Table 2 . Postinsult frequency histograms were statistically compared against baseline-2 frequency histograms. Because the latter was closer to preinsult conditions, it was selected as the basis for comparison with postinjury histo grams.
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The statistical indexes of baseline-2 frequency histogram indicate a reasonably symmetrical distri bution of ICBF values as indicated by the median and mean values and the 25 and 75 percentile values (Table 2) . Baseline-2 frequency histograms are used as the basis of comparison for each of the subse quent frequency histograms as the gray curves in Fig. 4 .
At 5 min postinjury (Fig. 4, top left) , ICBFd val ues in Q 1 and Q2 were significantly altered (p < 0.05) compared with baseline-2 but not significantly in Q3 and Q4. In Ql, the frequency histogram was flattened as the proportion of ICBF values between o and 10 and >80 ml 100 g-I min -I increased, as indicated by the 50% reduction in the median, an increased separation from the mean, and the in crease in the 75% values (Table 2 ). Q2 ICBFd indi cates a slight shift toward higher flow values with out the marked left shift toward low ICBF values between 0 and 20 ml 100 g -1 min -1 observed in Q 1. As previously noted, the very high flow recorded in the core of the lesion in Q1 at 5 min postinjury is a freeze-thaw artifact, but the shift in ICBFd toward lower values appears to be real.
As ICP in both hemispheres rose at 30 min postin jury, ICBF values between 0 and 10 ml 100 g-I min -1 increased in all quadrants while values >80 ml 100 g-I min-I decreased (Fig. 4, bottom left) . This redistribution of ICBF values at 30 min post insult is reflected by a reduction in the median and 25 percentile values for Q2-Q4, although statistical significance (p < 0.05) was achieved only in Q3 and Q4 but not in Q2.
Although ICP remained elevated at 1 h postin jury, ICBFd in Q2, Q3, and Q4 appeared to normal ize, while Q1 showed a continued left shift in ICBFd (Fig. 4, top right) , which is also indicated by the disparity between median and mean ICBF values (Table 2) . From 2 to 5 h postinjury (histograms not shown), lCBFd in QI remained significantly altered and shifted to low lCBF values while all other quad rants were generally unchanged.
At 6 h postinjury (Fig. 4 , bottom right), as both RICP and LICP continued to rise, lCBFd in Ql con tinued to shift toward lower lCBF values, as indi cated by the greater disparity between median and mean lCBF values ( Table 2 ). The histograms and statistical indexes for all other quadrants did not show any significant differences from baseline val ues.
DISCUSSION
Earlier studies using the freeze injury model to study the response of the cerebral circulation were done in craniectomized animals. Vasodilation, hy peremia, and vascular congestion were observed, with edema in cortical vessels immediately after tis sue thawing (Clasen et aI., 1953; Heipertz, 1968; Yamamoto et aI. , 1976) . Fluorescein microangio graphy showed increased arterial circulation time and increased arterial permeability within 30 min postinjury (Yamamoto et aI. , 1976) . Distant ipsilat eral ICBF subsequently increased to 130% of con trol, while white matter ICBF adjacent to the lesion fell to 50% of control by 5 h postinjury. Contralat eral ICBF fell by 25% at 2 h (Marmarou et aI. , 1976) . Beyond 24 h postinjury, white matter ICBF is reduced in the area of edema, as well as in the con tralateral hemisphere (diaschisis) (Miller et aI., 1976) . CBF adjacent to and remote from the injury may be heterogeneous with areas of both hyperemia and hypoperfusion (Frei et aI., 1973; Wallenfang et aI., 1973; Gaab et aI. , 1990) . Thus, initial vasodila tion and hyperemia followed by severe edema and reduction of ICBF within the region of freeze injury characterized the ICBF response to freeze injury in open-skull preparation. Heterogeneity of flow adja cent to and remote from the injury characterized later stages of injury.
An open-skull preparation in the freeze injury model may influence the results obtained by decom pressing the intracranial cavity, resulting in vascu lar congestion and in creased hydraulic conductivity and cortical compli ance (Hatashita and Hoff, 1987) ; this may promote brain edema formation (Cooper et aI., 1979) . The closed-skull preparation would better simulate the clinical condition. In the limited studies that have been done in closed-skull animal preparations, ipsi lateral and contralateral hemispheric CBF mea sured by 133 Xe in cats progressively declined as ICP increased early after injury (Christ et aI., 1969) . Similar findings were noted when regional CBF was measured by 133 Xe in monkeys (Bruce et aI., 1972) . In neither study was a hyperemic response ob served. Within 5 min postinjury, in our closed-skull model, a zone of extreme tissue hypodensity de fined a volume of freeze-induced tissue destruction with a circumferential zone of low-zero flow. Sub sequent images showed no flow within the cortex and white matter in the primary injury zone. The no-flow zone expands with time and corresponds with the CT -defined tissue hypodensity and edema. Later, cortical hyperemia develops adjacent and medial to the lesion. The focal hyperemic response that becomes evident late after injury occurs when edema is already extensive and argues against hy peremia or vascular congestion as an important contributor to the generation of the edema. The clear and progressive expansion of the no-flow zone over the course of the experiment is consistent with the notion that the water generated as a result of the injury moves by bulk flow toward the lower pressure ventricular system (Reulen et aI., 1977) , closing capillaries by high local tissue pressure.
Analysis of the lCBF frequency histograms re vealed phasic changes in lCBFd and their relation ship to changes in ICP. The acute injury phase was characterized by a generalized shift in the distribu tion of flow to the low-flow compartment, with changes first evident in the hemisphere ipsilateral to CUM-30MIN-Q3 CUM-30MIN-Q4 
e: 2.00% CUM-6H-Q1 
tributions. Histograms for which the black curve is significantly different from baseline-2 (at 0.05 level with Bonferroni adjust ment) are indicated. the injury. Following the acute injury phase 0-5 h), the distribution of ICBF appeared to normalize in all but the injury quadrant despite a progressive rise in ICP. It should be emphasized, however, that ICBFd normalization does not necessarily imply physiolog ical or metabolic normalization. Indeed, as indi cated by the patterns observed at 6 h, it is likely that normalization of ICBFd was transient and passed from one phase to another in which, although flow was generally increased, its distribution appeared to be more heterogeneous. Similar heterogeneity in flow was shown by others in open-skull prepara tions (Frei et aI., 1973; Gaab et aI. , 1990) and is associated with disturbed metabolism and microcir culation (Gaab et aI. , 1990) . New imaging techniques such as CT, Xe/CT ICBF, positron emission tomography, and magnetic resonance imaging have tremendously increased clinical and experimental diagnostic capabilities, but the success of these methods critically depends upon the reliability and ease of interpretation of the data provided (Pawlik, 1991) . A recent PET Data Analysis Workshop (Rapoport, 1991; Rottenberg, 1991) addressed this issue (Carson, 1991; Ford et aI., 1991; Fox, 1991; Pawlik, 1991 use of either anatomically or inferentially based fre quency histograms of normative data for compari son to facilitate data interpretation was not dis cussed. Quantitative analysis of CBF data derived from the Xe/CT method usually employs the somewhat arbitrary selection of a region of interest and yields a mean flow value that may or may not confirm a suspected flow abnormality depending upon the ho mogeneity or magnitude of the change in CBF within the region of interest. Such methods of data reduction lose valuable flow information within the region of interest, which can be circumvented by the use of frequency histograms within defined ar eas referenced to the focus of injury or based upon anatomical structures. Subtraction techniques to highlight the deviation from a "normal" flow pat tern could also be used. Such analytical methods would greatly facilitate interpretation of the ICBF maps and reduce guesswork and speculation in data analysis. The corresponding CT scans acquired with the CBF images also permit brain edema quan titation (Rieth et aI., 1980; Clasen et aI., 1981; Czernicki and Walecki, 1990) .
In summary, we used Xe/CT to measure ICBF after freeze injury in a closed-skull monkey model. Visual and frequency histogram analysis demon strated that the freeze injury resulted in an imme diate zone of no-low flow that progressed in size over time in concert with an expanding zone of edema. Changes in ICBF in regions remote from the injury were phasic and asynchronous with progres sive rises in ICP. Although our study was not de signed to define the mechanisms involved in edema formation, the observed changes in CBF raise ques tions as to the contribution of vascular congestion to the generation of edema in the closed-skull freeze injury model. The methods described could be of great value in assessing pathophysiology and the effects of therapy of ICBF and their relationship to anatomic changes in the lesion, neurologic status, and clinical outcome.
